Rifaximin was compared with placebo and ciprofloxacin for treatment of travelers' diarrhea in a randomized, double-blind clinical trial. Adult travelers (N ‫ס‬ 399) consulting travel clinics in Mexico, Guatemala, and India were randomized to receive rifaximin 200 mg three times a day, ciprofloxacin (500 mg two times a day and placebo once a day), or placebo three times a day for 3 days. Patients recorded in daily diaries the time and consistency of each stool and documented symptoms for 5 days after treatment. Stool samples were collected for microbiologic evaluations before and after treatment. The median time to last unformed stool (TLUS) in the rifaximin group (32.0 hours) was less than one half that in the placebo group (65.5 hours; P ‫ס‬ 0.001; risk ratio 1.6; 95% confidence interval 1.2, 2.2; primary efficacy endpoint). The median TLUS in the ciprofloxacin group was 28.8 hours (P ‫ס‬ 0.0003 versus placebo; P ‫ס‬ 0.35 versus rifaximin). Rifaximin was less effective than ciprofloxacin for invasive intestinal bacterial pathogens. Oral rifaximin is a safe and effective treatment of travelers' diarrhea caused by noninvasive pathogens.
INTRODUCTION
Travelers' diarrhea, usually contracted from contaminated food or water, affects 20-50% of individuals traveling from developed to developing countries. [1] [2] [3] Bacteria, most commonly enterotoxigenic Escherichia coli (ETEC) and enteroaggregative E. coli (EAEC), are responsible for up to 80% of acute cases; other bacteria such as Shigella, Salmonella, and Campylobacter, as well as viruses and protozoa, make up the remainder of known causes. [4] [5] [6] In most microbiologic studies of travelers' diarrhea, up to one third of the cases remain undiagnosed. Because many of these cases seem to respond to antibiotics and manifest indirect evidence of ETEC infection, such as seroconversion to the heat-labile enterotoxins, it has been assumed that ETEC or other undiagnosed bacteria were the cause. 7, 8 Travelers' diarrhea can cause serious illness and be economically costly for travelers. One in three individuals with travelers' diarrhea requires bed rest, and one in five is confined to bed for 1-2 days. 9, 10 Affected individuals may incur costs of medication, medical services, and canceled or rescheduled activities. In some cases, the impact of travelers' diarrhea extends beyond the individual sufferer. For example, among American soldiers in Saudi Arabia during Operation Desert Shield, mission preparedness was undoubtedly affected by the frequent occurrence of travelers' diarrhea, at least one episode of which was reported by 57% of 2,022 soldiers surveyed in one study. 11 Although travelers' diarrhea usually lasts less than 1 week, diarrhea can persist for more than 2 weeks in 2-10%, and as many as 10% can develop post-infectious irritable bowel syndrome. 12, 13 Other sequelae of acute bacterial diarrhea include reactive arthritis with shigellosis and Guillain-Barré syndrome with Campylobacter infection. 14, 15 The acute personal and economic impacts of travelers' diarrhea underscore the importance of effective treatment.
The Infectious Diseases Society of America (IDSA) guidelines recommend empirical antibiotic therapy for travelers' diarrhea. 16 However, current treatment options have significant shortcomings. 7, 17 The usefulness of trimethoprimsulfamethoxazole, one of the mainstays of antidiarrheal antibiotic therapy in the United States, is limited by the emergence of widespread bacterial resistance. [18] [19] [20] Ciprofloxacin, a fluoroquinolone antibiotic, is well tolerated and largely effective against E. coli and Shigella, but case reports of ciprofloxacin-resistant ETEC have been reported from travelers returning from India. 21 More significantly, the emergence of ciprofloxacin-resistant Campylobacter species has decreased the effectiveness of ciprofloxacin for empirical treatment of travelers' diarrhea, particularly in Asia. 22 In areas where Campylobacter is prevalent or quinolone treatment has failed, azithromycin is now used as an alternative. 23, 24 Azithromycin is also a systemic antibiotic that is used primarily for the treatment of respiratory infections. Although enteric pathogens are susceptible to azithromycin, the resolution of symptoms is not as rapid as with the fluoroquinolones. 24 A non-absorbed antibiotic theoretically confers several advantages that have been identified as characteristics of the ideal antibiotic for infectious diarrhea 7, 16, 17, 25 : targeted activity at the source of infection, low potential for systemic side effects and drug interactions, and-because its value and use are limited to gastrointestinal infections-the potential for limited or delayed development of clinically relevant bacterial resistance. This randomized, double-blind, parallel-group study was conducted to compare the efficacy and tolerability of the non-absorbed oral antibiotic rifaximin (Xifaxan, Salix Pharmaceuticals, Inc., Morrisville, NC) with those of ciprofloxacin and placebo for the treatment of travelers' diarrhea. Rifaximin was first marketed in 1987 in Italy and is now approved in 17 countries, including most recently the United States, for treatment of gastrointestinal bacterial infections.
Rifaximin has broad spectrum in vitro antibacterial activity, the tolerability profile of placebo, no known drug interactions, and has not been associated with bacterial resistance in 18 years of clinical use. 17 Previous studies in patients with travelers' diarrhea showed rifaximin to be more effective than placebo and as effective as trimethoprim-sulfamethoxazole and ciprofloxacin in shortening the duration of diarrheal illness [25] [26] [27] ; however, the sample sizes of these studies were inadequate to support definitive conclusions about efficacy of rifaximin for illness caused by specific pathogens. The study reported herein is the first large, placebocontrolled study to assess comprehensively the bacteriologic and clinical efficacy of rifaximin versus that of ciprofloxacin, the current standard of care.
MATERIALS AND METHODS

Patients.
Male or female patients at least 18 years of age and consulting one of seven travel health clinics in Mexico, Guatemala, India, or Peru were eligible if they had acute diarrhea, defined as three or more unformed stools during the 24 hours preceding enrollment, accompanied by at least one of the following signs and symptoms: abdominal pain or cramps, excessive gas/flatulence, nausea, vomiting, fever (Ն 100°F or Ն 37.8°C), fecal urgency, blood and/or mucus in the stool, or tenesmus. Exclusion criteria included duration of diarrhea more than 72 hours, moderate or severe dehydration, clinically significant disease other than diarrheal illness, and, in women, being pregnant or breast feeding. In addition, patients were excluded if they had taken theophylline or any antimicrobial active against diarrheal pathogens within the 7 days before randomization; more than two doses of a symptomatic antidiarrheal compound including antimotility, absorbent, or antisecretory agents within 8 hours before randomization; and any nonsteroidal anti-inflammatory drug or fever-reducing agent within 2 hours before randomization. All patients provided written, informed consent.
Procedures. The protocol for this randomized, multicenter, double-blind, parallel-group study was approved by The University of Texas Houston Health Science Center Committee for the Protection of Human Subjects, the Johns Hopkins Committee on Human Research, and the Secretaria de Salud of Jalisco, Mexico. Definitions, measurements, and endpoints in this study were modeled on the US Food and Drug Administration (FDA)/IDSA guidelines for testing antibiotics in bacterial diarrhea. 28 Patients were enrolled from July 10, 2002, to May 14, 2003 . Eligible patients were randomized 2:1:1 to receive rifaximin 200 mg three times a day, ciprofloxacin (500 mg two times a day and placebo once a day), or placebo three times a day. Treatment was to begin no more than 72 hours after the onset of diarrhea and was to continue for 3 days (days 1-3). For 5 days after randomization, patients recorded in daily diaries the date, time, and consistency of each stool and documented diarrheal symptoms (abdominal pain or cramps, excessive gas/flatulence, nausea, vomiting, fever [Ն 100°F or Ն 37.8°C], fecal urgency, blood and/or mucus in the stool, tenesmus). Stool samples were collected before treatment, on day 2, and after treatment between days 3 and 5.
Measures and Statistics. Efficacy. The primary efficacy endpoint was the time to last unformed stool (TLUS), defined as the interval beginning with the first dose of study medica-tion and ending with the last unformed stool passed, in the rifaximin group versus the placebo group. Both soft stools (defined as taking the shape of a container) and watery stools (defined as those that could be poured) were considered to be unformed. Cox proportional hazards models (Wald statistic) with a two-sided test and a significance level of 0.05 were used to compare TLUS between rifaximin and placebo, ciprofloxacin and placebo, and rifaximin and ciprofloxacin. For TLUS analyses, data from patients for whom TLUS could not be calculated because of premature withdrawal caused by treatment failure or completion of the study without becoming well were censored as having a TLUS of 120 hours. Data from patients who terminated early for reasons other than treatment failure were censored at the time of the last available information on unformed stools. Power calculations revealed that 400 patients (∼200 in the rifaximin group and 100 in each of the other two groups) would provide at least 90% power to show a difference between rifaximin and placebo in the primary endpoint at the 0.05 level of significance with a twosided test.
Because the efficacy of rifaximin could differ as a function of etiology, TLUS was analyzed for the subgroups of patients with diarrheagenic E. coli (ETEC and/or EAEC; noninvasive group); the subgroup defined by the presence of Shigella, Campylobacter jejuni, and Salmonella (invasive group); and the subgroup of patients with pathogen-negative illness. Efficacy was also analyzed among the subgroup of patients with non-invasive diarrhea as defined by the absence of both fever (as defined above) and occult blood in the stool.
Secondary efficacy endpoints included the proportion of patients with improvement in diarrheal syndrome (defined as reduction of at least 50% in the number of unformed stools during 24-hour post-enrollment intervals compared with the 24 hours immediately preceding enrollment), the number of unformed stools passed per unit of time, the proportion of patients with wellness (defined as no watery stools and no more than two soft stools in a 24-hour interval with no other clinical symptoms except for mild excess gas/flatulence or no unformed stools in a 48-hour interval with no fever [Ն 100°F or 37.8°C], with or without other clinical symptoms), and the proportion of patients who failed treatment (defined as clinical deterioration or worsening of symptoms after at least 24 hours of therapy or illness continuing after 120 hours of treatment with the study medication or after at least 24 hours of therapy). The secondary efficacy endpoints were compared among groups using repeated measures analysis of variance (ANOVA; for number of unformed stools passed per unit time) or the Cochran-Mantel-Haenszel test stratified by center (all other secondary endpoints).
All efficacy analyses were performed on data from the intent-to-treat population, defined as all randomized patients, as well as on data from the efficacy-evaluable population, defined as patients who met the inclusion/exclusion criteria, took at least 2 days of study medications as prescribed, completed the daily diaries for at least 2 days, and did not take any prohibited medications that could have impacted clinical outcome. Overall, differences in baseline characteristics between the intent-to-treat population and the efficacy-evaluable population were unremarkable. However, the percentage of intent-to-treat patients from Goa that did not qualify for the efficacy-evaluable population (13.7%) was more than three times higher than the percentage of intent-to-treat patients that did not qualify for the efficacy-evaluable population (4.3%). Results of the two analyses were similar, and only the data from the intent-to-treat population are reported herein.
Microbiology. Pre-and post-treatment stool samples were assessed to identify bacterial pathogens. Local laboratories identified at the genus level the presence or absence of pathogens including Shigella, Salmonella, Aeromonas, Vibrio, and Plesiomonas species; Campylobacter jejuni; and Yersinia enterocolitica. Protozoal pathogens and Campylobacter were identified by use of enzyme-linked immunosorbent assays (ELISA). Bacterial colonies from each stool sample were transferred to peptone stabs and shipped to the Enteric Infectious Disease Research Laboratory (Houston, Texas), which performed pathogen verification, speciation, and minimum inhibitory concentration (MIC) analyses. 19 A DNA hybridization/probe technique was used to assess for the production of heat-labile and heat-stable enterotoxins, showing the presence of ETEC; EAEC was identified with the HEp-2 cell assay for adherence. 6, [27] [28] [29] [30] Data from these assessments were used to determine rates of microbiologic eradication (defined as a negative posttreatment culture result for an etiologic pathogen that had been positive before treatment) for the microbiology population, defined as patients having both a positive pretreatment stool sample and a positive or negative posttreatment sample.
Safety. The primary safety measure was the incidence of adverse events, defined as any untoward medical occurrences (regardless of their suspected cause) reported by a patient or noted by clinical staff during the study. Adverse events were summarized for the safety population, which consisted of randomized patients who received at least one dose of study medication and had at least one post-baseline safety assessment.
RESULTS
Patients.
A total of 399 patients were randomized to treatment (197 rifaximin, 101 placebo, 101 ciprofloxacin). Demographics did not differ among treatment groups. Study participants had a mean age of 33 years (range, 18-80 years), were nearly equally divided between men (51.9%) and women (48.1%), and were predominantly white (82.5%). Most of the subjects traveling to Mexico and Guatemala were US college students studying Spanish. The mean age of travelers to Mexico was 25 years, to Guatemala was 29 years, to Calcutta was 28 years, and to Goa was 47 years.
The percentages of patients completing the study were similar among groups (rifaximin, 90%; placebo, 83%; ciprofloxacin, 93%; P < 0.05 ciprofloxacin versus placebo). Baseline illness characteristics were similar among groups ( Table  1 ). The presence of at least one enteric pathogen was identified in the pre-treatment stool sample for the majority (64.4%) of the intent-to-treat population. The most common pathogens identified in each treatment group were ETEC (34%); EAEC (19%); and invasive pathogens, consisting of Shigella, Campylobacter, and Salmonella, which were isolated from 18% (range, 12-28%). No pathogen could be isolated from 36% of subjects (Table 2) .
Efficacy. Rifaximin was significantly more effective than placebo at reducing the duration of diarrheal illness as reflected in the primary endpoint of TLUS. The median TLUS in the rifaximin group (32.0 hours) was less than one half that in the placebo group (65.5 hours; P ‫ס‬ 0.0014; risk ratio 1.63; 95% confidence interval [CI] of the risk ratio, 1.21, 2.19; Table 3 ). Ciprofloxacin was also more effective than placebo with respect to this endpoint (28.8 versus 65.5 hours; P ‫ס‬ 0.0003; risk ratio 1.89; 95% CI of the risk ratio, 1.34-2.65). There was no significant difference between rifaximin and ciprofloxacin with respect to the primary endpoint (TLUS), P ‫ס‬ 0.35 (relative risk 0.88; 95% CI, 0.66-1.15).
Median TLUS was shorter in the rifaximin group compared with the placebo group among patients with diarrheagenic E. coli but without evidence of invasive pathogens (P ‫ס‬ 0.045) and among patients with pathogen-negative illness (P ‫ס‬ 0.0024). Follow-up of patients was notably difficult at the Goa field site. For subjects from all sites with invasive pathogens, median TLUS in the rifaximin group could not be calculated because more than one half of patients failed to achieve wellness, and median TLUS in the placebo group and the ciprofloxacin group was Ն65 hours. If the patients from Goa are excluded, median TLUS for invasive pathogens was 44 hours for rifaximin, 24 hours for ciprofloxacin, and 58 hours for placebo (rifaximin versus placebo, P ‫ס‬ 0.50; Table 3 ). Exclusion of the subjects from the Goa field site in the diarrheagenic E. coli and nonpathogen groups did not significantly alter the outcome presented in Table 3 .
TLUS was also analyzed excluding subjects with fever and/ or blood in the stool at the time of presentation. The median TLUS in the rifaximin group (23.3 hours) was less than one half that in the placebo group (48.1 hours; P ‫ס‬ 0.0002; risk ratio 2.1; 95% CI of the risk ratio, 1.4, 3.1; Table 4 ). Ciprofloxacin was also more effective than placebo with respect to this endpoint (27.4 versus 48.1 hours; P ‫ס‬ 0.005; risk ratio 1.8; 95% CI of the risk ratio, 1.2, 2.8). In subjects without fever and/or blood in the stool, the clinical responses to rifaximin and ciprofloxacin were nearly identical.
Rifaximin was significantly more effective than placebo for secondary endpoints including improvement in diarrheal syndrome (P < 0.05 for the 48-to 72-and 72-to 96-hour intervals after enrollment in the study), number of unformed stools passed after the first dose of study medication (P ‫ס‬ 0.0002), proportion of patients achieving wellness (P ‫ס‬ 0.0039), and the incidence of treatment failure (P ‫ס‬ 0.0115). Ciprofloxacin was also statistically superior to placebo on these measures (P < 0.05). There was no statistical difference between rifaximin and ciprofloxacin for improvement of diarrhea (P > 0.05) and achievement of wellness (P ‫ס‬ 0.74). Ciprofloxacin was statistically superior to rifaximin for number of unformed stools passed (6.2 versus 8.8, respectively; P < 0.0004) and incidence of treatment failure (P = 0.05; Table 3 ). Microbiology. Eradication rates. Across all pathogens, microbiologic eradication was observed in 61.6% of the rifaximin group, 51.7% of the placebo group, and 80.7% of the ciprofloxacin group (P ‫ס‬ 0.20 rifaximin versus placebo, P ‫ס‬ 0.001 ciprofloxacin versus placebo, P ‫ס‬ 0.001 rifaximin versus ciprofloxacin). Among patients with diarrheagenic E. coli (without evidence of invasive pathogens), microbiological eradication in the rifaximin group was higher than with placebo (77% versus 63%) but not as high as with ciprofloxacin (93%). Among patients with invasive pathogens the microbiological eradication rate was 73% in the rifaximin group and 77% with ciprofloxacin compared with 44% in the placebo group (Table 3) .
Rifaximin MICs. The rifaximin MIC was determined for all bacterial pathogens. Table 5 compares the bacterial eradication rates and MICs in rifaximin-treated patients. Microbial For the subgroup analyses, median TLUS and clinical wellness were calculated for the intent-to-intent population, and microbiological eradication was calculated for the modified intent-to-treat population, defined as all patients in the intent-to-treat population with positive pretreatment stool samples and a posttreatment sample.
* This subgroup excludes subjects with concurrent invasive pathogens defined as Campylobacter jejuni, Shigella species, and Salmonella species. † The analysis of invasive pathogens was performed excluding data from the Goa site so that TLUS could be calculated. TLUS could not be calculated for the Goa site because over half the subjects were lost to follow-up. Adverse events. The incidence of adverse events was similar among the treatment groups ( Table 6 ). The most common adverse event was headache. Two patients in the ciprofloxacin group withdrew prematurely from the study because of adverse events (constipation and vomiting) that were considered by the investigator to be drug related. No patient in the rifaximin group or the placebo group withdrew prematurely because of drug-related adverse events.
DISCUSSION
In this large, multi-center study, rifaximin 200 mg three times a day for 3 days was efficacious and well tolerated for the treatment of diarrhea in travelers to Latin America and India. These findings support data from previous studies showing rifaximin to be superior to placebo, non-inferior to ciprofloxacin, and comparable with trimethoprimsulfamethoxazole in a trial carried out when pathogens were susceptible to this drug in reducing the duration of diarrheal illness while having placebo-like tolerability. 25, 26, 28, 29 The efficacy and tolerability results are consistent with the nonabsorbed, gut-selective nature of the drug.
This study extends previous research by showing that rifaximin is effective clinically and bacteriologically for noninvasive pathogens that cause more than 80% of travelers' diarrhea. Diarrheagenic E. coli, which produces its effect by attaching to the lumen wall and secreting toxins, is exposed to an antibiotic within the lumen of the gastrointestinal tract. In corroboration of previous findings, pathogens could not be isolated from the stool in more than one third of patients in this study. Diarrheal illness in this subgroup of patients is important as it often responds to anti-infective therapy-a finding that suggests undetected bacterial pathogens as the cause of illness. Rifaximin was effective for patients with no pathogen in the pre-treatment stool culture.
Patients infected with invasive pathogens or who have signs of invasive pathogens (fever and/or blood in the stool) respond less well to rifaximin-probably because the organisms have invaded the tissues and are no longer in contact with a luminal agent. Although Shigella was eradicated in 10 of 11 cases, the clinical response was not significantly different from that observed with placebo. The highest rate of isolation of invasive pathogens was from the Goa site. Unfortunately the follow-up was poor at Goa. The travelers at Goa were in their late 40s compared with the late 20s at the other sites, but we don't know why older subjects would provide less followup. Invasive pathogens were common enough at other sites so that subjects from Goa could be excluded and still provide a picture of the relative efficacy for invasive pathogens.
In this study, ETEC was isolated after rifaximin treatment in a quarter of specimens and frequently showed higher MICs than the pre-treatment isolate. In contrast, EAEC was usually eradicated from the stool, and anti-microbial resistance was not observed. Anti-microbial resistance was also not observed in the few Shigella, Campylobacter, or Salmonella spp. that were isolated after therapy. ETEC with a MIC Ն 4 g/mL was more likely to be cultured after treatment in both the rifaximin and placebo groups. This change in MIC did not affect the clinical response. Luminal concentrations of rifaximin have been measured in the range of 1,000 g/mL, a value far exceeding the MIC of most of the bacterial isolates. 30 Together the findings suggest that MIC and eradication rates may not be good predictors of clinical efficacy for a nonabsorbed antibiotic. A similar result was observed in a previous study in which the presence or absence of organism eradication did not predict clinical response to an antibiotic (TLUS was 32 hours when organism was eradicated and 33 hours when it was not). 31 Diarrhea continues to be the most common health problem facing travelers to Africa, Asia, and Latin America. While antibiotics are the single most effective treatment of travelers' diarrhea, the choice of antibiotic is limited by increasing bacterial resistance to anti-diarrheal antibiotics and the lack of an antibiotic that is tolerated by and safe for the spectrum of patient groups vulnerable to diarrheal illness. Because rifaximin is non-absorbed, the risk of systemic side effects and drug interactions is minimal and has little or no impact on nonenteric bacteria, a property that may delay or prevent the development of clinically relevant bacterial resistance to the drug.
The results of this study indicate that rifaximin is an important alternative to systemic antibiotics for most cases of travelers' diarrhea, including cases in patients for whom quinolones are not recommended. Rifaximin is appropriate for patients suspected of being infected with non-invasive pathogens, particularly diarrheagenic E. coli, which is the primary cause of travelers' diarrhea. Considering side effect profile, absence of alteration of flora, and public health importance of avoiding broad use of fluoroquinolones, rifaximin is the treatment of choice for afebrile, non-dysenteric travelers' diarrhea. Recently, rifaximin was found to prevent travelers' diarrhea among US students in Mexico. 32 Prophylactic use of rifaximin may also prevent Shigella before it becomes invasive. 33 Thus, rifaximin is an important new, non-absorbed antibiotic useful in both the treatment and prevention of travelers' diarrhea. 
